Although myeloperoxidase (MPO) monitoring is predictive for cardiovascular outcomes in suspected acute coronary syndromes, the value of serial testing is unknown.
Clinical factors associated with an increased risk of atherosclerotic cardiovascular disease have been used for risk prediction algorithms. Conventional models for prediction of cardiovascular risk, however, are limited in their ability to accurately predict clinical events in all individuals. This limitation persists despite the increasing use of the most recent high-sensitivity assays of myocardial necrosis (1 ) . Furthermore, clinical events occur in individuals who have no traditional risk factors. As a result, considerable interest has focused on the role of other factors involved in the progression and rupture of atherosclerotic plaque to help predict the likelihood of a near-term adverse cardiovascular outcome.
Increasing evidence has highlighted the role of inflammation in all stages of atherosclerotic cardiovascular disease (2 ) . The role of inflammation in the translation of disease to clinical events is supported by the observation that increased systemic concentrations of the inflammatory biomarker, C-reactive protein (CRP), 4 predict prospective cardiovascular risk in the settings of both primary and secondary prevention (3 ) . It remains uncertain, however, whether CRP plays a direct pathologic role in atherosclerosis or whether it is simply a marker of inflammatory activity (4 ) . Indeed, recent Mendelian randomization studies show a lack of concordance between the effect on coronary atherosclerotic heart disease risk of CRP genotypes and CRP concentrations, arguing against a causal role for CRP in atherosclerotic cardiovascular disease (5 ) . Identification of an inflammatory mediator involved in disease pathogenesis might enhance prediction of cardiovascular risk.
Numerous lines of evidence suggest a direct role of the leukocyte-derived enzyme, myeloperoxidase (MPO), in the pathogenesis of atherosclerosis. MPO and its oxidant products have been identified in atherosclerotic plaque and promote a number of patho-logical events that participate in plaque formation and rupture (6 ) . MPO catalytically consumes nitric oxide in vitro and in vivo (7 ) and promotes endothelial dysfunction (8 ) , lipid peroxidation (9 ) , activation of protease cascades involved in plaque fissuring or rupture (10 ) , induction of endothelial cell tissue factor expression (11 ) , oxidative conversion of LDL into a highuptake form for macrophages (9 ) , and modification of apolipoprotein A-I of HDL, impairing its ability to promote cholesterol efflux (12, 13 ) and other atheroprotective functions (14 ) . Finally, genetic studies support a mechanistic contribution of MPO in atherosclerosis, since patients with either MPO deficiency or polymorphisms associated with diminished expression of MPO appear to be protected from cardiovascular disease (15) (16) (17) (18) (19) (20) , and overexpression of the human MPO transgene in mice induces accelerated atherosclerosis (21) (22) (23) .
Multiple studies show that circulating concentrations of MPO are predictive of adverse clinical outcomes (24 -30 ) . MPO concentrations strongly correlate with the degree of endothelial dysfunction (31 ) . Systemic MPO concentrations have been demonstrated to independently predict the prospective risk of adverse cardiac events in cohorts of patients who are asymptomatic (24 ) , have stable coronary artery disease (25, 26 ) , or either present with acute coronary syndromes (27) (28) (29) or to the emergency room for the assessment of chest pain (30 ) . In these latter cohorts who present acutely, the ability of MPO concentrations to predict cardiovascular outcome is observed in the absence of detectable levels of myocardial necrosis as indicated by concentrations of cardiac troponins or cardiac isoform of creatine kinase within the normal reference (28, 30 ) . Although many patients who are evaluated for acute chest pain undergo serial assessment with cardiac markers of necrosis, the value of measuring MPO concentrations at multiple time points has not been systematically investigated. The aim of the current study was to determine the clinical utility of serial measurements of systemic concentrations of MPO to predict cardiovascular outcome in patients who present for assessment of suspected cardiac chest pain.
Materials and Methods
The selection of individuals for inclusion in the study has been presented in detail (30 ) . In brief, we recruited patients from a cohort that participated in a study to compare cardiac troponin T (cTnT) and creatine kinase MB in the diagnosis of myocardial infarction. For the present analyses, we evaluated patients who presented to the emergency room within 4 h of onset of acute chest pain of suspected cardiac etiology and continued to require evaluation to determine cardiovascular risk. Accordingly, patients who presented with STsegment elevation were not included in the analysis.
Myocardial infarction was defined as a cardiac troponin I (cTnI) concentration, as measured by a sensitive assay, of at least 0.028 g/L (99th percentile of asymptomatic apparently healthy population, n ϭ 300). Unstable angina was defined as the presence of angina at rest, a sudden increase in episodes of angina, ST-segment depression, or T-wave inversion. Acute coronary syndrome was defined as myocardial infarction or unstable angina at presentation. History of hyperlipidemia was defined as history of total cholesterol concentrations Ͼ200 mg/dL (5.17 mmol/L) or triglyceride concentrations Ͼ200 mg/dL (2.26 mmol/L). All clinical diagnoses and electrocardiographic data were confirmed by an investigator who was unaware of the patients' diagnoses and outcomes.
Plasma samples were collected from patients at the time of presentation to the emergency room (baseline) and 4, 8, and 16 h later. Myeloperoxidase concentrations were measured by use of an ELISA (CardioMPO Test, Cleveland Heart Labs) cleared by the US Food and Drug Administration (FDA). The intraday assay and interday assay variabilities were 2% and 6%, respectively. The lower detection limit was 13 pmol/L, and the upper limit of the analytical measurement range was 5223 pmol/L, Ͼ10 000 pmol/L with sample dilution. In a cohort of apparently healthy middle-aged subjects (n ϭ 300), we observed a mean (SD) MPO concentration of 204 (139) pmol/L (lithium heparin plasma samples), with upper reference limit of 640 pmol/L (95th percentile from healthy individuals). Concentrations of cardiac troponin I (cTnI) in plasma (also collected in lithium heparin tubes) were measured using the STAT Troponin I assay (Abbott Laboratories) in a research-based immunoanalyzer that provides a 3-decimal point readout. This assay provides highly sensitive analytical measurement of cTnI with a limit of detection at 0.009 g/L reported in the literature, and an upper reference limit of 0.028 g/L (defined 99th percentile cutoff) (1 ). High-sensitivity CRP concentrations were measured on the Abbott Architect platform (Abbott Laboratories) in a central clinical laboratory.
Patients who had a baseline MPO measurement and at least 1 postbaseline measurement were included in the analysis. Baseline patient characteristics were expressed as median and interquartile range for continuous data and percentages for categorical data. MPO values at each time point were categorized into quartiles. We calculated unadjusted odds ratios (ORs) and 95% CIs using logistic regression to assess the risk of major adverse cardiac events (MACE: nonfatal myocardial infarction, coronary revascularization, or death) at 6 months for each MPO quartile compared with the lowest quartile at each time point. We also performed this analysis for the group of patients who demonstrated cTnI persistently within the reference interval (Ͻ0.028 g/L). We generated a multivariable logistic regression model to determine whether serial MPO measurements were independently predictive of 6-month MACE. We used bootstrapping methods to ascertain which variables were predictive of the endpoint and stepwise selection methods to select variables that were significant; those that had a P value Ͻ0.05 remained in the final model. MPO at baseline and the average of the postbaseline measures were included in the model as continuous variables. Both these MPO variables were logarithmically transformed. Whereas CRP was not a significant predictor on univariate analysis, it was included in the multivariable model for adjustment.
To determine whether MPO has an additional predictive value compared to a model including traditional risk factors, we calculated the concordance indexes (c statistics) with and without MPO. The traditional risk factor model included age, sex, race, history of smoking, diabetes mellitus, hypertension, hypercholesterolemia, coronary artery bypass graft, and percutaneous transluminal coronary angioplasty. The c statistic is the probability that, for 2 randomly selected patients, the patient with higher predicted risk actually experienced the MACE event (32 ) . We assessed the improvement in predictability by calculating the difference in the c statistic, which was bias-corrected. Bootstrapping was used to generate 95% CI. A 1-sample t-test was performed to determine if the difference was significantly different from zero.
To quantify the improvement in classifying patients at higher risk of MACE with the serial MPO measurements, net classification improvement (33 ) was calculated and tested to determine if the improvement was significantly different from zero. ROC curves were created to graphically demonstrate the discriminatory ability of (i) baseline MPO only; (ii) baseline MPO plus the average postbaseline MPO values; and (iii) CRP for the entire cohort. ROC curves were also created for these tests in individuals whose cTnI was persistently within the normal reference range. All statistical analyses were performed using SAS version 9.1 (SAS Institute). P values Ͻ0.05 were considered significant.
Results
The clinical and laboratory characteristics of the study participants, stratified according to the presence of an increased or normal MPO concentration at baseline, are summarized in Table 1 . Patients with an increased MPO at baseline were older and more likely to be male and have a history of smoking, diabetes, myocardial infarction, and peripheral vascular disease. There was no difference in medication use between the groups. The presence of an increased MPO concentration at baseline was associated with white blood cell count and CRP. Although MPO concentrations were greater postbaseline in both groups, concentrations were higher at all time points in patients with an increased MPO at baseline. The index presentation to the emergency room resulted in a diagnosis of myocardial infarction in 23.6% and acute coronary syndrome in 40.5%. Incident MACE were observed in 43.2% of patients at 6 months. Table 2 summarizes the risk of MACE during 6-month follow-up, stratified according to increasing quartiles of plasma MPO concentrations in samples obtained at different time points in relation to initial time of presentation for assessment of chest pain. Compared with the lowest MPO quartile, clinical events were more common in patients with higher MPO concentrations at all time points. Increasing quartiles of MPO concentrations predicted a greater likelihood of 6-month MACE when measured at baseline [OR (95%CI), 2.4 (1.4 -4.1), P ϭ 0.001 for comparison between highest vs lowest MPO quartile], as well as all subsequent time points, with strongest prediction in postbaseline samples. For example, the OR (95%CI) was 5.9 (3.2-11.1) and 9.9 (4.7-20.9) (P Ͻ 0.001) for fourth vs first quartile samples measured at 4 h and 16 h, respectively. Similar findings were also observed in patients in whom cTnI concentrations were persistently within reference limits (Table 2) . After adjustment for other predictors of clinical events, increased MPO concentrations (P Ͻ 0.001) continued to predict clinical outcome at all time points beyond presentation to the emergency room in both the entire cohort and those for whom serial cTnI testing gave results persistently within the normal reference interval (Table 2) .
For clinical applications, the impact of specific MPO cutpoints on clinical outcomes is of interest. At all subsequent time points during the next 16 h of hospitalization (4, 8, and 16 h), an increased MPO concentration (Ͼ640 pmol/L) was observed in Ͼ90% of subjects who experienced MACE (6 months). By comparison, a positive cTnI (Ն0.028 g/L) concentration at baseline presentation was observed only among 55.6% of those that experienced MACE over the ensuing 6-month period. Serial cTnI testing increased this percentage to 72.4% of MACE identified (i.e., approximately 27% of MACE over the ensuing 6-month period were missed, which constituted predominantly revascularization). Remarkably, the combination of MPO and cTnI testing helped to capture all subsequent MACE within the cohort, as illustrated by the percent of MACE observed stratified by MPO testing in those who had cTnI concentrations persistently within the normal reference interval. In a similar fashion, the finding of MPO within normal limits (i.e., less than the upper limit of normal, 640 pmol/L) at time points following presentation was associated with improved risk prediction, with significantly less MACE missed (Table 4) . For example, 44.4% of MACE (6 months) experienced by the entire cohort were missed by cTnI within the normal reference interval at baseline. In contrast, using an MPO cutoff of the upper limit of normal (Ͻ640 pmol/L), the number of MACE missed was reduced nearly 5-fold to 9.3%. Finally, baseline normal MPO and cTnI resulted in missing only 5.6% of MACE (i.e., if baseline testing showed a normal cTnI and normal MPO concentration, the risk of missing a MACE event was lowered by nearly 8-fold). A negative MPO at baseline and at least 1 other time point was associated with the lowest rate of missed cardiovascular events (Table 3) . Serial monitoring of MPO was further investigated by characterizing the percentage change in MPO from baseline to subsequent time points in patients who experienced a MACE vs those who did not. The presence of MACE during 6-month follow-up was associated with increases (average increase of 15% or greater) in MPO concentrations from baseline to later time points during the initial monitoring period after presentation (Fig. 1) . In contrast, patients who did not experience MACE did not demonstrate increases in MPO concentrations from baseline with serial testing during the clinical evaluation period. Furthermore, serial changes in status of MPO positivity predicted likelihood of subsequent MACE (Table 4) . For example, the finding of a low MPO concentration at any time point after presentation was associated with a lower clinical risk, regardless of the whether MPO concentrations were increased at baseline. In contrast, development of an increased MPO concentration predicted an adverse outcome in patients with low concentrations at baseline. These findings were observed regardless of the timing of the postbaseline sample measured or the MPO cutoff used to define positivity. In general, these findings support an increased likelihood of MACE with increasing MPO concentrations. On multivariable analysis, factors independently associated with a greater likelihood of MACE during the next 6 months included increased MPO concentration on at least 1 occasion on serial evaluation of MPO (P Ͻ 0.001), cTnI persistently within the normal reference interval (P Ͻ 0.001), diagnosis of unstable angina at the time of the index presentation (P Ͻ 0.001), white race (P ϭ 0.001), history of smoking (P ϭ 0.008), and requirement for treatment with ␤-blockers (P ϭ 0.009). The paradoxical finding of a relationship between persistently normal cTnI and subsequent cardiovascular outcomes may reflect patients who are less likely to receive risk factor intervention; however, this requires further investigation. Of particular interest, measurement of MPO at baseline alone did not predict events (P ϭ 0.36) when serial evaluation was also included in the model. In contrast, CRP concentrations did not independently predict MACE in this cohort in models with MPO testing at any time point (P ϭ 0.19). Table 3 . Major adverse cardiovascular events missed when MPO or troponin was within normal reference interval (MPO <640 pmol/L or cTnI <0.028 g/L) at different time points.
Time point MACE missed
MPO negative The ability of serial measurements of MPO to predict subsequent cardiovascular events during the next 6 months was evaluated by plotting ROC curves. The c statistic for prediction of MACE during 6 months of follow-up was greater for use of the combination of MPO concentrations at baseline with a second time point (data shown are for the average of postbaseline values, c ϭ 0.724, P Ͻ 0.001) in comparison with use of baseline MPO alone (c ϭ 0.602, P Ͻ 0.001) and CRP (c ϭ 0.559, P Ͻ 0.001). This finding was observed in the entire cohort, and in those patients with cTnI persistently within the normal reference interval (Fig. 2) . After adjustment for clinical characteristics, a greater c-statistic value was observed for serial MPO evaluation in the entire cohort (c ϭ 0.813, P ϭ 0.002) and those with cTnI persistently within the normal reference range (c ϭ 0.903, P ϭ 0.009) compared with baseline MPO alone. Furthermore, calculation of net reclassification index revealed that serial monitoring of MPO to detect either the presence or absence of increased MPO (Ͼ640 pmol/L) resulted in an improvement in classification of risk in 26.1% of patients (P Ͻ 0.001), compared with assessment of clinical characteristics and troponin alone. Having an MPO concentration greater than the median (3080 pmol/L) was associated with sensitivity 66.4%, specificity 62.7%, positive predictive value 58.0%, and negative predictive value 70.6% for prediction of MACE. The negative predictive value (87.2%) was greater in patients with cTnI persistently within the normal reference interval.
Discussion
Increasing evidence suggests a role for MPO and its oxidant products in the formation and propagation of atherosclerotic cardiovascular disease (6 ) . Systemic concentrations of MPO have been reported to predict prospective clinical risk in patients who present for assessment of chest pain of suspected cardiac etiology (30 ) . The current findings use an assay cleared by the FDA and extend observations from early reports using a research-grade MPO assay (28, 30 ) , as well as building on subsequent studies demonstrating the incremental prognostic value of a single measure of plasma MPO as incremental to cardiac troponin measurements (34 ) , to suggest that serial monitoring of MPO concentrations provides incremental ability to predict the risk of cardiovascular events. The present observations also confirm previous findings of a rapid increase in MPO concentrations in patients presenting with acute coronary syndromes (35 ) . Although some groups have failed to observe a relationship between MPO concentrations and cardiovascular risk in patients presenting with an acute coronary syndrome (36 -38 ) , this is the first report to our knowledge that, using an FDA-cleared assay, shows the potential utility of serial MPO measures in the patient undergoing evaluation for acute chest pain. This has important implications for the prognostic evaluation of the patient who presents with the assessment of acute chest pain. These observations provide further evidence linking inflammatory cascades that promote MPO release from activated leukocytes, MPO activity, and acute ischemic events (39 ) . They are also consistent with the demonstration that MPO promotes endothelial dysfunction and apoptosis of endothelial cells, factors that participate in breakdown of the barrier between atherosclerotic plaque and circulating blood and acute ischemia. Furthermore, the findings support the association of mediators of oxidative stress with atherosclerotic cardiovascular disease.
Several important points should be noted. This is a retrospective analysis of a study of patients presenting to the emergency room with chest pain of suspected cardiac origin, and the study used samples that had been in long-term storage, using new-generation assays for both MPO and troponin. Although a multivariate analysis was performed to control for differences in clinical characteristics, it is possible that residual confounding was present. The current findings do not provide evidence that MPO plays a direct causative role in the adverse clinical outcome of patients presenting for assessment of chest pain. In addition, the cost effectiveness of this approach has not been defined.
The association between systemic concentrations of MPO and prospective cardiovascular risk has important implications for the approach to the patient who presents for evaluation of chest pain. The present results suggest that rapid risk stratification may be achieved by addition of MPO testing to cTnI testing, since an increased MPO concentration helped to identify subjects at risk, even in those for whom cTnI testing was not yet positive (or remained persistently within the normal reference range). It is important to note that the current findings were observed with a more sensitive cTnI assay than in the initial evaluation of baseline measures of MPO in this cohort, which has been recently reported to result in improved diagnostic accuracy in risk assessment (1 ) . More accurate risk stratification at earlier time points is a clinical goal. Among individuals who presented within 4 h of onset of chest pain, baseline and 4-h testing with cTnI and MPO in combination was a powerful prognostic pair for identifying those at risk for MACE over the ensuing 6-month interval. Furthermore, although cTnI testing defines the presence of myocardial infarction, it is clear that numerous individuals whose cTnI remained persistently within the normal reference range during evaluation of acute chest pain experienced a MACE over the ensuing 6-month interval. This continues to be demonstrated with use of newer-generation, moresensitive assays (1 ) . A remarkable feature of the prognostic value of MPO is its ability to identify risks within patients who have cTnI concentrations persistently within the normal reference interval. Finally, another remarkable finding in the present studies was the ability of MPO testing to help rapidly define those who are at low risk for MACE, another feature that may allow for cost-efficient and rapid triage. Indeed, the combined presence of negative MPO and cTnI concentrations at baseline resulted in substantially fewer missed MACE than serial cTnI testing alone, the current standard of care for cardiac risk assessment in this clinical situation. royalty payments for inventions or discoveries related to cardiovascular diagnostics from Cleveland Heart Lab, Abbott Laboratories, Inc., Frantz Biomarkers, LLC, and Siemens.
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